Evaluation of the Bandwidth Needed at the MAC 802.11b Level by Nguyen, Dang-Quan & Minet, Pascale
HAL Id: inria-00070454
https://hal.inria.fr/inria-00070454
Submitted on 19 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Evaluation of the Bandwidth Needed at the MAC
802.11b Level
Dang-Quan Nguyen, Pascale Minet
To cite this version:
Dang-Quan Nguyen, Pascale Minet. Evaluation of the Bandwidth Needed at the MAC 802.11b Level.
[Research Report] RR-5553, INRIA. 2005, pp.22. ￿inria-00070454￿
IS
S
N
 0
24
9-
63
99
   
   
 IS
R
N
 IN
R
IA
/R
R
--
55
53
--
F
R
+
E
N
G
ap por t  
de  r ech er ch e 
Thème COM
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Evaluation of the Bandwidth Needed
at the MAC 802.11b Level
Dang-Quan Nguyen — Pascale Minet
N° 5553
April 2005
Unité de recherche INRIA Rocquencourt
Domaine de Voluceau, Rocquencourt, BP 105, 78153 Le Chesnay Cedex (France)
Téléphone : +33 1 39 63 55 11 — Télécopie : +33 1 39 63 53 30
 	

	
 !!!
"
#
%$'&)( *+-,/.100325463!
78:9<;>=?A@<8:9CB;D@FE:GH93IKJ8:LNMH8:OPGRQTSU9<GWV
X3Y[Z1\^]-_!`badcfehgjilkmZ1\^]Ni!noW\^\-p[q[rsnutvqWkwi
xKyzo|{}]uk~r>]1yznuov\
tv[:ovymk![]ym]NnwY[]uywnwY[]q:Wvvcf[yzrF|vHbcfW-t|W]1i
F1u[vv aAovr]^tWhY[ojnq[]uk}oWym ji¡Ua¢£¤XFiz¥Yt§¦W]\¨t|qhgtv[¦§tvqHkzt|W]1i1©:im]uª«¬tv[tvjkmr¦hr­k}g	ª®ovy
rqilkztvqn]W©1kzYtkF\¨t| v]<kzY[]u\t|klkmywtvnkmr¦v]ª®oWy¯\-p[­kzr]°t|[[rsnutkzroWqi1±¯aAoWilk¯ovªjkmY[]Nil]Kq]k}°ovyz hi²pil]¤kmY[]
a³_³´WW[±µWµub[ymovkmojnoWª®ovy¯kmY[]\/]1jrp[\tvn1n]1izi²nuovqHkmyzovP±²iFt|vq[ojj]Ni²pim]kzY[]izt|\/]<kmywt|q>il\/rsimimroWq
ª®yz]1¶Hp[]1qngW©<rqHkm]1ylª®]1ym]1qn]Nin1t|q·ojnunup[y-nuov\/[yzov\/rimrq[¸kmY[]¶Hpt|r­k}g6ovª!im]uyz¦hrnu]³¡P¹ohe[¥"[yzo¦hr[]1ºkmo
» oiu±²¼¬q-kmYriFyz]u:ovymk1©§]3imY[o·Y[o6kmob]u¦tvpt|km]¤kmY[]°t|q>j!rjkmY^ym]N¶Wpryz]1t|k¯kzY[]!a_º]u¦v]1vª®oWyFt
» oº!YoWim]nwYtvyztWn½km]1ymrsilkmrsnui²tvym]K hq[o!qt|k¯kzY[]°tv[[rn1tkzroWq]1¦v]uP±X3Y]¤tvqj!rshkmY-]u¦t|ptkzroWqovqt
qoh[]3tWnunuovp[qHkziª®oWykzY[]!rqWkz]uymª®]uyz]uqnu]1i<jp[]°kzokzY[] » o¾rkzim]uª¿t|qkmY[]3ovkmY[]1y » oiu±<X3Y[rsi<]u¦t|ptkzroWq
Y>tvi:]u]1q¾¦t|r[t|km]NRhg6noWqjª®ymoWqHkztkzroWq6!r­kzY·ym]Nilp[kziovjkwt|rq[]1ºhg6¢eH}Aimr\-p[t|kmrovqi1±ÀR]¨kzY[]uq
ymoW>oHil]t|qA]uÁÂnr]uqHktvj\/rsimimrovqAnoWqWkzymoW¿tvim]1¸oWqkmY[rsi]1¦§tvp>tkmrovq¯±qA]uÃ[t|\/[]rpi}kzyzt|km]Ni3kmY[]
ymoW>oHil]Nimovpjkmrovq¸t|qY[rvYrvYHkzi°kzY[]tvn1np[ywtvnug¨o|ªFkmY[]]1¦§tvp>tkmrovq¯±
ÄAÅHÆDÇzÈÉ ÊFv !hPYohn¸q]k}°ovyz hi1©3¶Wp>t|r­k}g¾ovªil]1ym¦hrsn]v©rqHkz]uymª®]uyz]uqnu]1i1©tvqj!rshkmY¯©tvj\/rsimimroWq
nuovqHkmyzovP©h¼¬£K£K£Ë´WWj±µvµW±
 	
	% 2¸	   ¯
F °¯
	F
5	!$'&)( *+^,/.u00!2
    ]1i3y1im]1tvpjÃ\/ovr]1i!tWhPYohn/¡Ua¢£¤X¥!oWqWk[]q[ov\-[ym]1pjÃt§¦t|qHkztvv]Ni°[ovqHk t|p[kmo|
tW[t|[kztkzr¦hrkÂ¶Hp[r]Niym]1qj]1qWk^tklkzyzt§gHt|qHkzib:ovp[y^j]¨\p­kzr[]1i-t|[rsnut|kmrovqi1±  t¸[p[t|ymk-j]Ânu]1i
y1im]1tvpjÃÂpjkzrrim]uqHk][yzo|kmojnuov]"a³_Ë´WWj±µvµ1Â:ovp[yuyz]uy3 tWnunZNi!t|p¸\1jrp[\¸±°_oW\^\/]"kzovpi3]1i
qoH]1p[ipjkmrrim]uqHk3t-\u\/]ª®y1¶Hp[]1qn]" u\/rizimroWq²©H[]1i°rqHkz]uymªuyz]uqnu]1i¤imovqHk°>oHimimr]Ni1vywtv[tvqHk¤t
¶Hptvrkbj]"il]1ym¦hrsn]-¡¹be[¥¤o! D]uymkm]bt|pjÃ » p[ÃD±#"bt|qi3nu]ywt|[:ovymk1©Hq[ovp>i\/oWqWkzymoWqi¤nuov\/\/]uqHk$u¦t|p[]uy
tvp-qr¦W]1t|p/a_¾t">t|qj]3tWimizt|qHkz]°q%1n]Nimizt|ryz]'&"p[q » p[Ã^joWqWk]1iKn1t|ywtvnkuyzrsi}kzr¶Hp[]NiFimovqHkKnoWq[qhp[]1i
tvpq[r¦v]1tvpt|[rsnut|kmrª}±   u¦tvpt|kmrovqimp[y¯pqq[oh]up[ym]1q"]uq-nov\/jkz]K]1irqHkm]1ylª1ym]1qn]Ni²nutvpiu]1i¯t|y
] » pjÃp[rP\1\^]"]uk3>t|y!]1i3t|pjkzym]Ni » pjÃ¿±¤_]kmkm](u¦tvpt|kmrovqt)uk"¦t|r*u]"t|y!nuovqjª®yzovqHkzt|kmrovqtvpjÃ
y1imp[kzt|kzi<ov[km]uqhpi<>t|yilr\pt|kmrovq/iloWpi¢eH}j±<¢oWpi<[yzov:oWimovqiF]1qilpr­kz]!p[q¨novqHkzy+W]3 tvj\/rsimimroWq
]uÁÂnutvnu]KtWi,¤imp[y<n]uklkm]-u¦t|pt|kmrovq²±.q]uÃh]1\/[]rpi}kzym]tiloWpjkzroWq[yzov:oWiu]]ukF\/]kF]uq1¦hrj]1qn]
st^>oWq[q[][y1nurimrovq	[] u¦t|pt|kmrovqyNt|riu]W±
/ É N Ç 10  º Nil]Nt|pjÃ6tvhY[ojn|©F¶Wp>t|r­kÂj]Âil]1ym¦hrsn]W©²rqHkz]uymªuyz]uqnu]1i1©¯tvqj]¨tWimizt|qHkm]W©¯noWqHkmy+v]
2 tWj\/rizilrovq¯©j¼¬£K£K£Ë´vHj±µvµW±
 		
 !" 
( 
F!

#%$'& 1 É Ê F|)( É & *
+-, 1j Å³É/. 10 Å Â§ 2
354  & Ê È ( Ê10768[*0j)( É & 9
±µ "]':>q[r­kzroWqitvqq[o|kwtkmrovq>i ±"±±±b±±"±±"±±±"±±"±±b±±"±±±"±±"±±"±±±b±± ;
± 'imimp[\/jkzroWqi ±"±±±"±±"±±"±±±b±±"±±"±±±"±±"±±b±±"±±±"±±"±±"±±±b±± ;
±  <3tvqj!rshkmY¸]u¦tvpt|kmrovq[yzrqnur]Ni±±"±±"±±±"±±"±±b±±"±±±"±±"±±"±±±b±± =
± > XywtÁÂnbrqkmY]q[]urvYh:ovyzY[ohoh	t|yz]1t'±±"±±"±±±"±±"±±b±±"±±±"±±"±±"±±±b±± ´
± 'XywtÁÂnbrqkmY]rqHkm]1ylª®]1ym]1qn]"t|yz]1t ±b±±"±±"±±±"±±"±±b±±"±±±"±±"±±"±±±b±± ?
± ;'£¤¦§tvp>tkmrovq¸ovªFtvjr­kzroWqt|¿>t|qj!rshkzYrqkmY[]ym]Nil]1qn]"o|ªFo|kzY[]uy » oi ±"±±±b±±%µWµ
±@= Wovyzr­kzY[\#kzo¨]u¦t|ptkz]bkmY[]tvqj!rshkmYAnuovqimp[\/]1tkt/q[ojj]±±"±±"±±"±±±b±±%µ=
* /ÊA( N1( É &CB É & 1 É 0 #D
> ±µ x¤ymrqnr[]1i ±b±±"±±±"±±"±±"±±±b±±"±±"±±±"±±"±±b±±"±±±"±±"±±"±±±b±±%µN´
> ± '![\^rsizilrovq¸noWqWkzymoW¿t|vovyzrkmY[\ ±±±b±±"±±"±±±"±±"±±b±±"±±±"±±"±±"±±±b±±%µN´
2 $ AE0 Å  Å & Nj1( É & 6GF²%HE0 ÅÈ ( 10JILK ,  #M
9 /v¯[ ÆËÉN. 10 Å 4  & Ê È (UÊ¯)076G8[%0 Fj1( É & + O
P B É & 0 F1( É & +N+
QRQTSU VWVWVWX
>   '
	 '
0 :-
	<¨¤

aov[r]KtWhY[ojnq]k}°ovyz hi¡Ua¢£¤XFiz¥¯t|yz]F\¨tWj]o|ªjq[ojj]Ni²noW\^\-p[q[rsnut|kmrq[3¦Hrst!t3!rym]1]NimiD\/]1[rp[\¸±
X3YoWim]q[]k}°ovyz ji!pim]yzovpjkzrqÂ[yzo|kmojnuovsi!r v]/`  ejµt|q>A` " <!Y[rsnwYA]uqtv[]-\p[kmrY[oW
nuov\/\pq[rn1tkzroWq²±¨¼¬q¾tvhY[ojn^q[]k}°ovyz jiu©²kmY[]¨r\/rkm]N6t|q[!rhkzY¾nutvtvnur­k}g\¨tv v]1i"rkjrÁÂnp[kkmo
Wpt|ywt|qHkz]u]!kzY[]>t|qj!rshkzYrqÂkmY][yz]1im]uq>n]ovª¯\¨t|qhg » oi1±FX3Yt|k°rsi!YHg¨rk3ri°q[]Nn]1izizt|yzgkzoYt§¦W]
t³vohoj6]1ilkmr\¨tkmrovq o|ª!kmY]	tvqj!rshkmYym]N¶Hp[ryz]16hg·t » o±RX3Y[]\/ovyz]Â]Ã[tvnkkzY[ri-]1ilkmr\¨tkzroWq
rsi1©¯kzY[]Â\/ovyz]¨]ÁÂnr]uqHkkzY[]	tWj\/rizimroWq6nuovqHkmyzov°ovp6:]v±FrWp[yz]AµÂilY[oikmY[]Âq]1n]Nimimrk}g³o|ªtvq
tWj\/rizimroWqºnuovqHkmyzovrq¾t¸q[]k}°ovyz ³imp[[:ovymkmrq[¶Hpt|rk}g³o|ª!im]uyz¦Hrsn]A¡¹oHe[¥±¯¼¬q[rkmrst|gW©¯kzY[]¨q[]uk}oWym 
n1t|qtWnun]1jkkzY[] » o
§©²_<° tk! #"%$W±°°kkmr\/]'&)(*+,$W©>tÂq]u » o-/.rirqHkmyzojjpnu]1¿©
tvimot/_<° » oËtk012 3"%$W±²¼k3j]uWyztWj]1iKkmY[]¹oHe^yz]1nu]ur¦v]1/hg4  ±<X3Y]tvqj!rshkmY	ym]Nn]ur¦v]N
hg  ª t|i>]1o*52 3"%$W©¿!Y[rsnwY6rip[qtvn1n]1jkztv[]/ª®oWykmYri » o±	X3Y[]Âyz]1imp[kzirpilkmywtkz]1ºrq
Frvp[yz]1i°µ3t|q/Yt§¦v]>]1]uq/ov[kzt|rq[]Nhgimr\-p[t|kmrovq-p[qj]1yK¢eH}j±<X3Y[]3tvnw W]kilr76u]°rsi3µN|WhgHkm]Niu±
X3Y]"a³_st§gv]1y°p>il]Ni°kmY[]´WWj±µvµ1Â[yzo|kzohnuov¿!rkmY[oWpjk<Xe98v_°Xe¿±
 0
 200
 400
 600
 800
 1000
 1200
 1400
 1600
 0  100  200  300  400  500  600
ba
nd
w
id
th
 (
K
bp
s)
time (s)
f1
f2
Frvp[yz]Âµ:<3t|q>j!rjkmYAo|ªkzY[] » oi0"tvq
.!rkmYovpjktWj\/rizilrovq¸noWqHkmyzovP±
 0
 1
 2
 3
 4
 5
 6
 7
 8
 9
 0  1  2  3  4  5  6
ba
nd
w
id
th
 (
M
bp
s)
node (0=source, 6=destination)
f1
Frvp[yz]: <3tvqj!rshkmY o|ªoWq[] » o©3\/]1t
imp[yz]1	ovq]1tvnwYq[ojj]"o|ªFkmY]ymoWpjkm]W±
Frvp[yz]³ilY[oikmY[]t|q>j!rjkmYnuovqimp[\/]1·t|kkzY[]a³_]1¦v]u°hgRoWq[] » otk-]NtvnwY·q[ojj]
oWq6r­kwiymoWpjkm]W±ÂX3Y[] » o ri^_<° t|k;<
 3"%$W©²¦hrsilrkmrq[¸kzY[]Âq[ojj]Nikmo ;[±ÀR]Ân1t|q·il]1]^kmYt|kkmY[]
nuovqimp[\/]16>t|qj!rshkzY¾j]u:]uqioWq6kmY[]	q[ojj]noWqimrj]1ym]N¿± <°]1imrj]Niu©F°]nutvq¾t|siloim]u]¨kzYtk-kmY[]
nuovqimp[\/]1³t|q>j!rjkmY·tkbkmY[]Âimovpyznu]rsi"q[o|k"kmY]/izt|\/]/tvibkzYtktkbkmY]Âj]1ilkmrqtkzroWq²±-X3Y]uyz]ª®ovyz]v©
°]nutvqj]Njpnu]"kmYt|k!kmY[] » o( i3jrym]Nn½kmrovqYtWi!t|q¸r\/tWn½k!ovqkzY[]noWqilp\^]N>t|qj!rshkzY²±
X3Y[rsi3yz]u:ovymk°[yz]1im]uqHkwi°t^\/]kzY[ojÂkzo/]u¦t|ptkz]!rkmYAtWnunpyztWng^kmY[]"tvqj!rshkmY¸noWqimp[\/]1	HgÂt
» o t|kK]1tvnwY/q[ojj]ovq/r­kwiKyzovpjkz]v©W Hqo!rq["kzY[] » o tvyztv\^]ukm]1yzitvq-kmY[]ilkzt|km]ovªDkmY[]!kzyzt|ÁÂn3rq¨rkzi
]1qh¦Hryzovq[\/]uqHkN±X3Y[rsi\/]kzY[oj/Ytvi:]u]1q¨¦t|r[t|km]N-hg^novq[ª®ymoWqWkwtkzroWq-!rkmY/kzY[]!ym]Nilp­kwiovjkwt|rq[]1^hg
imr\p[stkzroWqÂp[qj]1y°¢beH}j±X3Y[]tWnunup[yztWng^o|ª¿kzY[]yz]1imp[kzi°t|oiKkmo->]1ylª®oWym\#t|q]ÁÂnr]uqHk!tvj\/rsimimroWq
nuovqHkmyzovP±
=?> Q@=BA
 		
 !" 
X3Y[rsi°ym]1>oWylk°ri°oWymHt|q[r76u]N¨tvi¤ª®ovoi1±<ej]1n½kzroWq[yz]1im]uqHkzi¤kmY[]"ilkztkz]ovª¿kmY[]tvylk°ovq>t|qj!rshkzY
]1¦t|ptkzroWq6tvq·tv[\^rsizilrovq·noWqHkmyzovKrq¾tvhY[ojn/q[]uk}oWym ji1±¸`p[y-t|q[!rhkzY·]u¦t|pt|kmrovq6\/]kmYoh
rsiÂym]Nil]1qWkz]1 rqTeh]1nkmrovqË±CÀº]³ymoW>oHil]Arq eh]1nkmrovq7> tvqËtvj\/rsimimrovqnoWqWkzymoWtWil]N ovq kmYri
>t|qj!rshkzY-]1¦§tvp>tkmrovq¯±q/r\/[]1\/]uqHkzt|kmrovq^]Ã[t|\/[]ovªkzY[riK\^]NnwYt|qrim\riimY[o!q-rq¨eh]1nkmrovq¨j±
Àº]^]u¦t|ptkz]kzY[]¨tvnunup[ywtvngo|ªKoWp[ybt|q[!rhkzYR]1¦t|ptkzroWq\/]kmYoh³rq6eh]1nkmrovq ;[±"ÀR]/noWqnpj]
kzY[]yz]u:ovymk3tvq[ymoW>oHil]"jr  :]1ym]1qHk>]1yzim>]Nn½kzr¦W]1i3rqAej]1n½kzroWq =j±
,  -
F"
% 
	%& 	

]1ym]Ni]uk/tvU±)=+!Yt§¦v]	[yzov:oWim]1·t|q]1ilkmr\¨tkmrovq o|ªkzY[]	>t|qj!rshkzYt§¦t|rtv[]	tk/t³qoh[]	tWil]N
oWqR>tvizilr¦v]^rsilkm]uqrq[¸ovª¤kmY]¨!ryz]u]1izib\^]Njrp[\¸±ÂX3Y[]ugp>il]¨t¦hrymkmptvKa_ st§gv]1ybkmo¸]u\-p[t|km]/rq
yz]1tv­Pkmr\/]kmY]yz]1t|a_Tt§gW]uy  iov:]uywtkmrovq>iu±X3Y[]ª®]1tvimr[rrk}govª<kmY[rsiimovpjkzroWqAYtvi>]1]uq³ymo¦W]1
hgtvq¸r\/[]u\/]uqHkwtkmrovq¸oWq¸t/´WWj±µvµ1q[]uk}oWym D±KX3Y[]tWnunup[yztWng¨ovªkzY[ri]u¦t|ptkzroWq	rsi!WoHoj¿©j]1¦v]1q
rq·kzY[]iztkzp[ywtkmrovq6yz]uWroWq²©<!Y[rnwY ri-r\/:ovymkztvqWk-kmo{}pjv]kmY[]tvj\/rsimimr[rrk}gºovªtq[]1 » o±R
[yzt§!tWnw /o|ªFkmY[rsiimovpjkmrovqri3rkzio¦v]uyzY[]Ntv¨rq¸ym]NiloWp[yznu]1i°ilp>nwY¸tWi_x .Ckmr\/]t|q	t|klkm]1ymgW±
¼¬qehÀR¢- >/©vkzY[]tWj\/rizilrovq¨nuovqHkmyzov[rsiK:]uymª®ovyz\/]1/tk¤kmY[]imovpyznu]°qoh[]!ª®ovy¤tv>q[]u yz]1tv­Pkmr\/]
» oiu±<X3Y[rsi°tWj\/rizimroWqnoWqWkzymoWrsi°tvim]1¨oWqÂkzY[]>t|qj!rshkzYyz]1¶Hp[rym]N¨hg-kzY[] » oËt|qÂkmY[]"t§¦t|r­
tv[]¨t|q[!rhkzY¾tk]NtvnwYºq[ojj]ÂoWqºrkziymoWpjkm]W±ÀY[]1q t¸yz]1t|Pkmr\^] » o yz]1¶Hp[]1ilkzir­kwitv[\^rsizilrovq²©
kzY[]"iloWp[yznu]q[ojj]brsimimp[]1i°t-t|q[!rhkzY	ymoW>]tvnw W]k!YrnwYnovqHkwt|rqit|k°rkzi°yz]kzp[ymqkmY[]b\/rqr\-p[\
>t|qj!rshkzYÂt§¦§tvrst|]3ovq^kzY[]!ymoWpjkm]!ovª>kzY[] » o±F¼¬qÂehÀ³¢©|kzY[]tWj\/rizilrovq/noWqHkmyzov[joh]1iKq[o|kKkwt| W]
rqHkmo^tvnunuovp[qHkkmY[]brqHkz]uymª®]uyz]uqnu]1i+:oWq[g/q[ojj]Ni°ovq¨kzY[]"ymoWpjkm]bnwY[]1nw ^r­ªkmY[]1ry3t§¦t|rtv[]tvqj!rshkmY	ri
impjÁÂnr]uqHk3kmoÂtWnunu]ujk3kmY]q[]u » o±
¼¬q<3!p[¼}X
 /©hkmY[] N3  '     ovªtqoh[] $brsi3j]':>q[]1tvikmY]"im]k3o|ªFq[ojj]1i3t! :]Nn½km]NÂhg
rqHkm]1ylª®]1ym]1qn]Ni<v]uq]uywtkm]Nhg$W±<¼kKrqnpj]Niovq[gqoh[]1iKt|k¤tjrilkztvqn]3]1izi<kmY>t|q/ovy]N¶Wp>t|jkzo
	>Yovi
ª®yzov\ $v±X3Y[]uyz]ª®oWym]W©¿ª®ovyt » o kmY>tkyz]1¶Hp[rym]Ni³iu© <3!p[¼}X\¨t| v]Nitt|q[!rhkzY·ym]Nil]1ym¦t|kmrovq
!rkmYkmY[]^¶Wp>t|qHkmrk}g¸o|ªKtvqj!rshkmYA[iq[o|koWq[g¸tvoWq[¨kzY[]yzovpjkz]o|ªkzYtk » o [pjkt|siloÂt|kbtv
qoh[]1i"!rkmY[rq	°Y[ovibª®yzov\ kmY[]¨yzovp[km]v±ÂX3Yri\/ojj]1¤joh]1i"q[ovkkztv v]/rqHkzotvnunuovp[qHk"kmY]/ª tvn½kkzYtk
t	q[ojj]/nutvq>]1oWq[	kmo	kmY[]/rqWkz]uymª®]uyz]uqnu]-tvym]NtÂo|ª°il]1¦v]uywt|q[ojj]1i"tvoWq[ÂkzY[]-yzovp[km]v±X3Yhpi1©¿rkn1t|qj
qo|k¯[yz]u¦W]uqHkt!q]u·tvqj!rshkmYyz]1im]uyz¦tkzroWqª®yzov\CrqWkz]uymª®]uyzrq!r­kzYt|yz]1tv[gtvn1n]1jkm]N"ym]Nil]1ym¦tkzroWqi1±
¼¬q  P©|rk<ri<imY[o!qkmY>tk :qjrq[tyzovpjkz]¤ª®yzov\tbiloWp[ywn]Kkzobtj]1ilkmrqt|kmrovq\/]1]kmrq["t>t|qj!rshkzY
nuovqilkmywt|rqHkFrsi<\¨tvj]!¢xnuov\/[]kz]°hgkzY[]!rqWkz]uymª®]uyz]uqnu]1i1±XobY[]1p[ymrkmrsnui4t|q>;.!t|yz]°[ymoW>oHil]N
kzoim]u]1nkyzovpjkz]1iFtvnunuovp[qHkzrq[ª®ovykmY[]3t§¦t|rtv[]¤t|q[!rhkzYoWqkmY[]q[ojj]1iFovªjkmY[]°ymoWpjkm]ovq[g¨¡4¥¯ovy
oWq^kmY[]q[ojj]1itk¤tjrsilkzt|q>n]]1izi<kmY>t|q¨ovy¤]1¶Hpt|kmo-bYoviKª®ymoW\tq[ojj]ovq/kmY]ymoWpjkm]-¡;.1¥±<X3Y]ug
imY[o kmYt|kÂkmY[]Nil]AY]up[yzrilkmrsnuitvnunu]ujkÂ\/oWym] » oi/kzYt|q "r {} jilkmywt·t|voWymrkmY[\¸©°!Y[]uyz]¸kmY]]1rWYHk
ovªt|q ]1jW]rsi-]N¶Hpt|°kmo³kmY[]¸ojnut|3t§¦t|rtv[]Ât|q>j!rjkmY²±¾aAoWym]1o¦v]1y1©FkmY]im]1nuovq·Y]up[yzrilkmrsn .
oWpjkm:]uymª®ovyz\¨ikmY[] :ywilkKovq[]W©|>]Nnutvpil]3ovª>rkzi\/ovyz]!tvn1np[ywtkz]¦hr]u ovª:rqHkm]1ylª®]1ym]1qn]Niu±¼¬q^oWp[yiloWp[kmrovq²©
kzY[]tv[\^rsizilrovqnovqHkzymoW¿o|ªFt » oCtvn1novpqWkwi°ª®ovy!rqHkm]uymª®]uyz]uq>n]1i1±
QRQTSU VWVWVWX
;   '
	 '
   		
 Ë"
u
 
	 
!  q[ojj]-rsibimtvrkmo>] %    
 " ovªt|q[ovkmY[]1yqoh[]-r  ·kmY[]1ry"jrsi}kwt|qnu]-rsib]NimikmY>t|q³oWy]N¶Hpt|
kmo/kzY[]no¦W]uywt|v]yztWjrp>iu±
! Ëq[ojj]!rsi¤izt|rs^kmo N3  !r­kzYÂt|q[ovkmY[]1yKq[ojj]r  	kzY[]ury[rilkztvqn]!rsiK:]k}°]u]1q/kmY[]nuo¦v]1yztvv]
yztWjrpi!t|qkmY]rqHkm]1ylª®]1ym]1qn]"ywtvjrpi1±
!  q[ojj]bri!izt|rs¨kzo^:]"rqkzY[] %    
 "   ")"1 ovªFt » oËr  ³rk3rsi!t-q[]urvYh:ovy3o|ª<tq[ojj]"¦hrsilrkm]N
hgÂkmY] » o±
! )q[ojj]	rsi/imtvr·kmoº>]¸rq¾kmY] N3 '     o|ªbt » o#r  Ërk/rqHkm]1ylª®]1ym]Ni!rkmY t³q[ojj]
¦hrimr­kz]1hg¨kmY] » o±
! X3Y[]#"    " / o|ª¤tÂq[ojj]%$·©Dj]1q[o|kz]1'&()$+*½©DrsikzY[]pq[roWqo|ª<kzY[]-qoh[]1i:]uovqvrq[¨kmo
r­kwino¦W]uywt|W]t|yz]1t-ovy3rkzi!rqHkm]1ylª®]1ym]1qn]t|yz]1t±
Frvp[yz]-	ilY[oikmY[]^:oWizilr[]rqWkz]uywil]Nn½kzroWqi:]k}°]u]1qAkmY]-yzovpjkz]v©>kmY[]^q[]1rWYH:ovyzY[ohojAt|qkmY[]
rqHkm]1ylª®]1ym]1qn]t|yz]1t-o|ª<t » o±
FrWp[ym]9:¼¬qWkz]uywil]Nn½kzroWqi°>]uk}]1]uq¸ymoWpjkm]W©jq[]urvYh:ovyzY[ohojt|q>rqHkm]uymª®]uyz]uq>n]t|yz]1t-o|ªt » o±
), -./0213
Xo/]u¦t|pt|km]bkmY[]>t|qj!rshkzY¸nuovqimp[\/]1	hgt » o©j°]tvjoWjk3kmY[]"ª®oWo!rq-\/ojj]usi+:
4AÅ  ÈÉ 65  É Ê Å 0
X3Y[rsi!\/ojj]u¯ri!j] :q[]N	hg:
! 	  !  "87  :9! "  %   "<;  9=7  "     "   #      "?>TX3Y[]RymoWpjkm]:]k}°]u]1q t|qhg
iloWp[ywn]"t|q	t|qhgÂj]1ilkmrqt|kmrovq¸nut|q	>]"\-p[­kzrYov²±_oW\^\-p[q[rsnut|kmrovqi°t|yz]b[rilkmp[yz:]1	HgrqHkm]1yl
ª®]uyz]uqnu]1i3jp[]bkzo-yz]u\/o|kz]kzyztvqim\^rsizilrovqi1±<aAovyz][yz]1nurim]ugv©h!rkmYym]1Wtvyz^kzo^rqHkm]1ylª®]1ym]1qn]Niu©H]
tvizilp\^]bkzYtktvqHgq[ojj]" Hqoi!t|DkmY[]q[ojj]Ni3ojn1tkm]Nrqr­kwi!rqWkz]uymª®]uyz]uqnu]t|yz]1t[±
!   	 
@#ACB  " %DFEHGJIAE
G >Àº]·tvizilp\^]RkmY>tkAkmY]6a³_ st§gv]1y	pim]1ikzY[]6¼¬£K£K£
´vHj±µvµu6[yzo|kzojnovrq " _  \/ojj]	!r­kzY[ovpjk¨<Xe98v_°Xe¿±¼¬q[]u]1²©!r­kzY¾kmY]	¦t|p[]Ni-j] :q[]N
=?> Q@=BA
 		
 !" =
rq kzY[]i}kwt|qt|yw¾o|ªbkmY]A¼¬£K£K£´vHj±µvµ1¾[yzo|kmojnuov¡ 	
/$	 (   &
/$§¥½©kmY[]
pim]o|ª¯kzY[]<Xe98v_°Xe	\/]1nwY>t|q[rsil\ ri3yz]1nuov\/\/]uqj]NoWq[g¨ª®ovy3ª®ywt|\/]1i3!YoWim]"imr76u]"riY[rWY[]uy
kmYtvq6v> =/hgHkm]1i1±~]uqnu]v©¿hg³j]uª t|p[k\^oHi}ktvjPY[ojnq[]k}°ovyz jijoq[ovk"p>il]-kmY[]¨<Xe98W_°Xe
\/]1nwYtvq[rim\¸±
! G/   " " G 7     3 >b¼¬q¸kmY[rsiyz]u:ovymk1©]nuovqimr[]uy!kzYtkkzY[]\¨t|rq³¹oHe	tvyztv\-
]kz]uy/ri^tvqj!rshkmY¯± X3Y[]rqHkm]1ylª®]1ym]1qn]Ni-[p[]kzoRq]urvYh>oWymrq[ » oi-n1t|q nov\/[yzov\/rsil]kmY[]
t|q>j!rjkmY¸vptvyztvqHkm]u]bvywt|qHkz]1¨kzoÂt|q¸t|ym]NtvjgÂtWnunu]ujkz]1 » o±
 0 ÉhÈ  É Ê Å 0
!      " '" " " "!$#,   " # >°X3Y[rsi :[Ãj]1-ymoWpjkm]3nutvq:]3ovjkwt|rq[]1ª®ovy<rqi}kwt|qnu]3Hgimovpyznu]ymoWpjkmrq[>±FÀº]tvizimp[\/]kzYtk!kzY[]yzovpjkz]brsi3 hq[o!q	kmoÂt|¿q[ojj]Ni3rq¸rkziimp[yzymoWp[qjrq[±
! A D B  " >ºÀR]Atvizimp[\/]kzYtk^kmY[] » oi/tvym]novq>i}kwt|qHk^r­k¨ywtkm]Niu©\/oWym]1o¦v]uy^t|3tvnw W]kzi
>]1oWq[vrq[^kmoÂt » oCt|yz]bimp[[:oWim]1	kzo^Y>t§¦v]kmY[]izt|\/]ilr76u]W±
) %'& <	( *),+</ 1 -  .
1+C
i¨i}kwtkz]1 rq kzY[]tvizilp\^[kmrovqiA¡"   eh]1nkmrovq[± v¥©¤°]¸nuovqimrsj]uy/kzY[]At|q>j!rjkmYtvi^kzY[]A\¨t|rq
¹oheAnyzrkm]uyzrovq²±X3Y[]/rqWkz]uymª®]uyz]uqnu]1ibjp[]-kmo¸ilpymyzovp[q>jrq » oi"nutvq³noW\^ymoW\^rsim]kmY]^>t|qj!rshkzY
Wpt|ywt|qHkz]u]1ÂkmoÂtvq¸tvyz]1tWjgÂtvn1n]1jkm]N » o±KX3Y[ri[ymoW[]u\ rsijrÁÂnp[k!kmoÂimov¦v]jp]"kmo¨stvnw Âovª<tvq
]uÁÂnr]uqHk"tWj\/rizimroWqRnoWqHkmyzov¯rq6tvhY[ojnq[]uk}oWym ji1±¼¬qj]1]1¿©¿rqRoWyz[]uykmo¸tvnunu]ujkt	q[]u » o 6rq
tÂq[]k}°ovyz !rkmY[oWpjkbnuov\/[yzov\/rsilrq[/kmY]^¹oHeovª¤t|ym]Ntvjgtvnunu]ujkz]1 » oi1©[kzY[]-tWj\/rizimroWq¸nuovqHkmyzov
\/]NnwYt|q[rsim\  hq[o!rq[  inwY>t|ywtvn½kz]uyzrilkmrsnuib\-pi}k:]tv[]/kzo]u¦tvpt|km]ÂtWnunpyzt|km]ugAkzY[]¨r\/tWn½kovª
ovqtv3q[ojj]Ni^rq r­kwi¨ilpymyzovp[q>jrq©rP± ]W±©°t|°qoh[]1i^rqkmY]	q[]1rWYh>oWymY[ohoj·oWy-kzY[]¸rqHkz]uymª®]uyz]uqnu]
tvym]Nt/o|ª¤t|k]Ntvilkovq]q[ojj]ovª  iymoWpjkm]W±¼¬qAkzY[riyz]u:ovymk1©°][yz]1im]uqHkt\/]kmYohAkmoÂ]1¦§tvp>tkm]kmY[]
>t|qj!rshkzY/nuovqimp[\/]1/t|kkmY[]a³_·]u¦W]u[hg]NtvnwY^q[ojj]!rqÂt|q¨tvhY[ojn°q[]k}°ovyz D±¯Àº]noWqilrsj]1ykmY[]
rqHkm]1ylª®]1ym]1qn]Nijp[]kmo¨kzyztvqil\/rsimimrovqiimp[yzymoWp[qjrq[Ât¨qoh[]-t|q>kmY[]^novrimroWqijp]kmo	novq>np[yzym]1qHk
» oiu±·Àº]	Y>t§¦v]¦tvrs[tkz]1¾kmY[rsi^t|q[!rhkzY]1¦t|ptkzroWq¾\/]kmYohhg¾ilr\pt|kmrovqi-p[qj]1y¨¢eH}j±
X3Y]byz]1imp[kzi!imY[oËkzYtk!kzY[rsi!\/]kmYoh:]uymª®ovyz\¨i3!r­kzYWohoh	tvn1np[ywtvnugv±
¼¬qºovywj]uybkzo	]1¦§tvp>tkm]^kzY[]/t|q[!rhkzYºnuovqimp[\/]1ºtktq[ojj]¨jp[]^kmo¸rqHkm]uymª®]uyz]uq>n]1i1©D]/\-pi}k
 hq[oCkzY[]-ilkzt|km]ovªkmY[]-kmywtÁÂnrqrkziq[]urvYh:ovyzY[ohojAt|qArqHkm]1ylª®]1ym]1qn]tvym]Nt[±¼ªK°]-imp[[:oWim]kzYtk
kzY[]rqHkm]1ylª®]1ym]1qn]tvym]Nt¨rsir\/rkm]N¸kmok}ovPY[oWAq[ojj]1i1©>kmY[]1q³ hq[o!rq[¨kmY] » oi¦Hrsimr­kzrq[	q[ojj]1irq
kzY[]q[]1rWYH:ovyzY[ohoj¨kwt|[]o|ªFovq[]"Y[oW¸tvq	o|ªFk}o^Y[ov>i3ri!]1q[ovpvY²±
X3Y[]]1¦t|ptkzroWq	ovª¯kmY]t|q[!rhkzYAnovq>ilp[\/]Nhg	tvqhg » o ³ri3:]uymª®ovyz\/]1	rqkzY[ym]1]i}kz]ui+:
! GN# 7  >   !" "    
   " " ;  
     "1   " %    
 "  "1")     ©
kmY[] » o A:]urq[Ânuovqimr[]uyz]1	rqrimovstkzroWq²±X3Y[rsi!]u¦t|pt|kmrovqri!ilkmp[r]N	rqeh]1nkmrovq¸[± >±
! GN# 7H >   !"H"     
 /   " " ;  
    "1   " N3 '      ©
kmY[] » o A:]urq[Ânuovqimr[]uyz]1	rqrimovstkzroWq²±X3Y[rsi!]u¦t|pt|kmrovqri!ilkmp[r]N	rqeh]1nkmrovq¸[± j±
QRQTSU VWVWVWX
´   '
	 '
! GN# 7  > ' !" "     		!"/R
 /   " " ; L9  "  " " " "½±K¼¬qkmY[rsi°tWi}k
i}kz]u²©>]"kwt| W]rqHkmoÂnuovqimrsj]uywtkzroWqÂkmY]noWrimrovqi!jp]kmo/kzY[][yz]1im]uqnu]"o|ªo|kzY[]uy » oi!kmYtvq
kmY[] » o A:]urq[Ânuovqimr[]uyz]1¿±X3Y[rsi3]u¦t|pt|kmrovqriilkmp>jr]Nrqeh]Nn½kmrovq¸[± ;[±
  - . < 	( C (
	 "- (  $- H
Àº]¨noWqilrsj]1y"t » o ·rqRrsiloWt|kmrovqºt|qR]u¦t|pt|km]-kmY[]¨tvqj!rshkmY6noWqimp[\/]1RHgkmY[rsi » o t|kt
qoh[] $ rq¸r­kwi3q[]urvYh:ovyzY[ohoht|yz]1t±
rvpym] >9:¢oh[]F$ q[]1rWYh>oWy!o|ªFt/qoh[]b:]uovqvrq[^kmo » o  i3yzovpjkz]v±
¢o·]K]1q[ovpqn]kzY[]°[ymoW>]1ylk}g-µtvq"ym]NnutvvkmYt|k¤rsi¯]N¶Hpt|vkmoµr­ª t|qo|kzY[]uyz!rim]v±
  É E Å § Æ #    
    "    $ 
  /") H9 %    
 "  "1")     "    ' "    '
< 
 L "1 1 " #  
   '   
 "L"  /") $  E  
   " "    
  "1 <  "
   "   " " " "  '    "   "   3  /") $  " '" " " >
  (! (#"%$  *'&()% ( "** ¡}µN¥
 
     L
   "  "1 " ) " 3  
  
 '"   9"1 < 
+ 9N 
 "  /") " 1 " #  
     #   /") < 
"%$     
      '" 9    "   " " " "    8;/"       'N    
5 , 1 .-0/'1  9 	32%AC    
"4* 9 
 /  %    '"       "   " " ""  	    ;    	32%AH    
	 "  "5   "1 $ 
 ' "  "  "     " 3 "   / $  " /" 9  " ! " 9'" 9
 " 76     "  
 /    "  
 L	   "8 >:9<;>=@? A& $CB   R   ;>=@?   "   

 /  "   " 7 "/   "   G    !   6    " 5 ,7 .DFE5GIH  $CB   " 9G
  
 "    " 7 "   "   /          ; 9 "     " #   " 	"  9$!  "   "  " "/
6F²*HE 0 Å #  ovy°t|qhg¨_<3 » o !YoWim][rk°ywtkz]ri1<
 3"$t|k¤kmY]t|[rsnut|kmrovq¨]u¦W]u>tvq¨tWnw v]uk
imr76u]3riµN|WhgHkm]Niu©|kmY[]tv[[rn1tkzroWq-ovª>xKyzov:]uymk}gÂµ![yzo¦hrj]NikmY[]3ª®oWo!rqbyz]1imp[kzi+:¡"   Xtv[]bµ§¥½±
=?> Q@=BA
 		
 !" ?
\ §q   
 ±  [±  =?
  µW± vv´ µv± >W´=
XFt|]/µ: <3tvqj!rshkmY·¡®rq <
 3"%$§¥noWqilp\^]NrqkmY]bq]urvYh>oWymYoHojt|yz]1t-o|ª<t/q[ojj]v±
  - . < 	( <3 -8 -C .  -H
Àº]¨noWqilrsj]1y"t » o ·rqRrsiloWt|kmrovqºt|qR]u¦t|pt|km]-kmY[]¨tvqj!rshkmY6noWqimp[\/]1RHgkmY[rsi » o t|kt
qoh[] $ rq¸r­kwi3rqHkm]1ylª®]1ym]1qn]tvym]Nt[±
FrWp[yz] :¢ojj]F$ rqkmY]rqHkm]1ylª®]1ym]1qn]tvym]NtovªFt/q[ojj]":]uovq[Wrq[^kzo » o  i3ymoWpjkm]W±
  É E Å § Æ +     
    "    $ 
  L/")  9 N3  '     "      "      <

  L"1) " 3  
   N3 W    /") $  E9 
 />  " " ;  
  /") <  "
   "   " " " "  '    "   "   3  /") $  " '" " " >
 (! 4 ( "%$  *I&  )%4 ( "4* *I&( 4
	  ) 	 (#; = ? * ¡Uv¥
  <  "     "  /!" "    "      /")1 " #    #  <  " % 9       #     
    /" C9%    
 "  ")")A"  $  9'C    "   	    6  N!  "  
   6   "
 =@?  R   "   " 7 "/ "  "L         ; "  5 , 1 'E G'H 
6F²*HE 0 Å +  ovy°t|qhg¨_<3 » o !YoWim][rk°ywtkz]ri1<
 3"$t|k¤kmY]t|[rsnut|kmrovq¨]u¦W]u>tvq¨tWnw v]uk
imr76u]"ri"µ§|WhgHkm]Niu©hkzY[]t|[rsnut|kmrovqo|ª<xKymoW>]1ylk}g^Wr¦W]1ikmY]"ª®ovo!rq[^ym]Nilp[kzi+:¡"   XFt|]v¥±
\ §q   
 ±  [±  =?
  µW± vv´ µv± |v
Xtv[] : <3t|qj!rshkzYº¡ rq <
 3"$N¥°nuovqimp[\/]1	rqkzY[]rqHkz]uymª®]uyz]uqnu]"tvym]Ntovª<t^q[ojj]W±
QRQTSU VWVWVWX
µN   '
	 '
  *0!( ÊFj1( É &  Æ 1( 0 [1( É & 
Àº]Yt§¦v]nuov\/tvym]N6ovp[y^t|q>j!rjkmYn1t|snp[stkzroWqihg6\/]1tvqiovªxKyzov:]uymkmr]1i	µ	t|q>A!rkmY kmY[]
imr\p[stkzroWqºyz]1imp[kzirq·kzY[]Â[yz]1im]uq>n]Âovª3oWq[]imrqv] » o±¸¼¬q¾ovywj]1y"kmo³\/]Ntvimp[ym]/kzY[]>t|qj!rshkzY
nuovqimp[\/]1¸t|kt-qoh[]rqA¢beH¬[©[°]novpqWkt|k!kmYt|kq[ojj]"kmY]t|\/ovpqWk!ovªFkzr\/]im>]1qHkrqkzyztvqil\/rsi}
imrovq²©¿rq³yz]1nu]ujkzroWqRt|q>oWilk"jp]-kzo	rqHkm]1ylª®]1ym]1qn]Niu±Àº]^vr¦v]^Y[]uyz]uhgAt|qº]Ã[t|\/[]^o|ª¤oWp[y"ym]Nilp[kzi
oWjkztvrq]1!r­kzYAtL;Y[ovjovq[Â_<3 » o ¡"   rvpym];H¥½±¤X3Y[] » oi  i3tvyztv\^]ukm]1yzi3t|yz]j]1iznyzr>]N
rq¾XFt|[]Â[±AXFt|[]L>vr¦v]NibkmY[]t|ywt|\/]kz]uywi"pim]16rq6kmY[]ilr\p[stkzroWqi1±	aAoWym]1o¦v]uyN©²°]Âilp[>oHil]
kzYtk"kzY[]¨rqHkz]uymª®]uyz]uqnu]^tvym]NtÂrsi"r\/r­kz]1Rkmok}°o	Y[oWi1± Frvp[yz]L=rpilkmywtkz]1ikmY[]¨yz]1imp[kzibov[kzt|rq[]N
hg¾n1t|snp[stkzroWqi-tvq¾hg¾imr\-p[stkmrovq>i^t|k^]NtvnwY¾¦hrsilrkm]N qoh[]v±¾Àº]Anut|q il]1]kzYtk^kmY]¸imp[Wv]1ilkm]N
>t|qj!rshkzY]1¦t|ptkzroWq	\/]kzY[oj>]1ylª®oWym\¨i°!r­kzYAY[rvY¸tvnunup[ywtvngW±
FrWp[ym] ;9: Fo !r­kzY ;-Yovi1±
¢o±Y[oWi ;
[²±Kr­kywtkz] <
 3"%$
xtWnw v]kimr 61] µ§|WhgHkm]1i
XFt|[] : Fo  i3>t|ywt|\/]kz]uywiu±
"btkwt-ª®yztv\^]"ywtkz] 1<
 #"%$
_oWqHkmyzov:ª®yztv\/]bywtkz] 1<
 3"$
"¼ e | $
£¤¼ <e 	;> $
ej¼ <e µ1 $
_ ª®yztv\/] µ >/hgWkz]1i
x¤ym]Nt|\] µ >	>^[rkzi
x  _x Y[]1tWj]uy >W´^[rkzi
XFt|[] >9:a_ ´vHj±µvµut§gW]uy3t|ywt|\/]ukm]uywi1±
 0
 1
 2
 3
 4
 5
 6
 7
 8
 9
 0  1  2  3  4  5  6
ba
nd
w
id
th
 (
M
bp
s)
node (0=source, 6=destination)
Simulation
Calculation
FrWp[yz]=: <3t|qj!rshkzY	ovªkzY[] » o F©[n1t|snp[stkz]1t|qimr\-p[t|km]Nt|k!]1tvnwYq[ojj]"o|ªFkmY]ymoWpjkm]W±
=?> Q@=BA
 		
 !" µWµ
   ) ,+/   ,+ 	 & (  	( 1 -    .   	( -
  & 
Àº]bkztv v]rqHkmo/noWqilrsj]1yzt|kmrovq¨kzY[]"[ym]Nil]1qn]o|ªFo|kmY]uy » oirq i3imp[yzymoWp[qjrq[rqtW[jrkmrovqkmo^kmY[]
» o
ºrkzim]uª}±X3Y[rsi[yz]1im]uq>n]-n1t|pim]1inoWrimrovqi!Y[rnwYRnovq>ilp[\/]^t|q³tv\^oWp[qHkovªKt|q[!rhkzY²±"ÀR]
qo ]u¦tvpt|km]bkmYritv\/ovp[qHk!o|ª<tv[jrkmrovq>t|¿tvqj!rshkmY²±
Àº]nutvq	q[ovkmrsn]bkmY>tk!kmY]t|q[!rhkzY¸oHi}kjp[]"kzo/rqHkm]1ymq>t|²noWrsilrovqi"¡ rU± ]v±©noWrsilrovqi°:]k}°]u]1q
>tvnw v]ukzi°:]uovq[Wrq[^kzo-kzY[]izt|\/] » o¥Ytvi3:]u]1q¸tWnunuovp[qHkm]NÂª®oWy!rq¸xKyzov:]uymk}g	[±
  É E Å § Æ 3 2 /")  9 "   " "    
 /   "  6    "L   " T"     
  
 " " ;  
     ' " " "      " "  " 37/  "   
 /   " "    
     " " " " 
¼¬q^kmYriim]1nkmrovq²©|°]3rqHkzymojjpnu]°t"nuovrsilrovq-\/oh[]u[t|o!rq[kmo"]1¦§tvp>tkm]°kzY[]!tv[jrkmrovq>t|jt|\/ovpqWk
ovªtvqj!rshkmYAnuovqimp[\/]1hg¨kmY]novrimroWqi1±
B É 0 0!( )( É &  É Ê Å 0
¼¬qkmY[][yz]1im]uqnu]o|ªFil]1¦v]uywt| » oi¤rqÂkzY[]bq[]k}°ovyz D©vkzY[]ury¤kzyztvqim\^rsizilrovqinutvqÂ>oHimimr[g¨nuovrsj]!rkmY
]NtvnwYÂovkmY[]1y!t|qÂ[rilkmp[yz	kmY[]bym]Nn]1jkmrovqt|k°yz]1nu]ur¦v]1yq[ojj]Niu±X3Y[oHil]bnoWrimrovqi¤kmyzrWv]1y°t-ilpn1n]NimimroWq
ovª]u¦v]1qHkzi[]1iznyzr:]1Arq¸kmY]-´vHj±µvµ1ymovkmojnoW :°]uqHkm]1yrqtWnw vo! R\^ojj]W©>yz]kzyztvqim\^rsizilrovqi1©±u±u±1±3¼¬q
oWyz[]uykzo	tWnunoWp[qHkª®ovykmYrib[Y[]1q[ov\/]1q[ovq²©:!Y[rsnwY³noWqimp[\/]1it|q[!rhkzYRtWi°]uU©D°]-noWqimrj]1ytvq
tvqt|gHkmrsnutvW\/ojj]uhª®oWyFkmY[]3noWrimrovqiF:]k}°]u]uq^noWqnp[yzyz]uqHk_<3 » oiu±ÀR]kmY]uq/j]1jp>n]!tª®oWym\-p[st
nuov\/[pjkzrq-kzY[]¶Hpt|qHkzr­k}gÂovªF>t|qj!rshkzYoWilkjp[]"kzo/nuovrsimroWqiu±
aAojj]1rq[kmY[]°tWnw v]k<noWrimrovqinut|q>]!noW\/[rsnut|km]N!r­kzY[ovp[kFYt§¦hrq[tvqhgtvylkzrnup[st|y<tvizilp[\/j
kzroWq²±aAoWilkbtvqt|gHkmrsnutv\/ojj]usi^¡"    ?Fª®oWyrqilkztvqn]§¥tvizimp[\/]kmY>tkbkmY[]^tvnw W]k"novrimroWqAyzt|km]-ri
nuovqilkztvqHk1©h!Y[rsnwYrsi:]uyzYtviKkzymp]brª¯]1¦v]uyzg/q[ojj]"\pilk1©jt|k3tvqHgHkzr\/]v©[tWnunu]1iziKkzY[]ywtv[ro-\^]Njrp[\#kmo
kzyztvqim\^rk!ttWnw v]uk1±¤`kmY[]1ym!rsim]v©h]"nutvqq[ovkmrsn]bkmY>tk°kmY[]"rqWkzymojjp>n½kmrovqo|ªFtq[]1 » o rq	kmY[]"q[]ukl
°ovyz \/ojjr :]1ikmY[]tvnw W]knoWrsilrovqAywtkz]1i!:]k}°]u]1qt|ym]Ntvjgtvnunu]ujkz]1 » oi1±!X3Y[ri\/oh[r :>n1tkzroWq
rqh¦voW¦W]1i!kzY[]/\/oh[r :>n1tkzroWq³:]k}°]u]uq6t|yz]1tv[g¸tWnunu]ujkz]1 » oibtvqAkzY[]/q[]u » o tvib°]uU±-X3YHp>iu©
°]nutvqj]Njpnu]t :Ãh]Nh>oWrqHk3ª®ovyz\p[st-ª®ovy3kzY[]noWrimrovqi1±

	 ! "	#%$&')( BR" 9  " +*  9 7   ;' "  +*  "  "    
"    " /  "    /  /"), " "  "     97   ;  
 ' "     "   " -,   /.10(32 
ÀY[]1qk}°okzyztvqil\/rsimimrovqi²nuovrsj]!r­kzY]1tWnwYo|kzY[]uyN©§]1tvnwYkmywt|qim\/r­kmkm]uyFnwY[ohoWim]1itywt|qjoW\T¦tvp[]
ovª $CB ¡ noWqHkm]uqHkzroWqA!rq[o¥!tvn1novywjrq[/kmokmY[]^´vHj±µvµu¸noWrsilrovq¸yz]1imovpjkmrovqA[yzojn]Njp[yz]v±!ª«kz]uy
3t|rkmrq[	ª®ovytvqRrqHkm]uyz¦t|ovª¤kmr\/]¨]1¶Hptv<kmokmY[]ÂnwYoWim]uqº¦§tvp]v©²]NtvnwYRkmywt|qim\/r­kmkm]uyyz]kzyztvqim\^rkzibrkzi
>tvnw v]uk1±FX3Y[]3[ymoWt|rr­k}gkmYt|k¤tbim]1nuovq^noWrsilrovq-ohn1np[ywi<!rkmY^kmY[]izt|\/]°kmywt|q>il\/rklkm]1y<riK¶Hp[rkm]!o
:]1n1t|pim]^o|ª¤kzY[]¨ilr76u]^o|ª $CB ±^X3YritWimimp[\/jkmrovqRYtvib:]u]1qR¦W]uyzr :]Nhg³imr\-p[stkmrovq>ipqj]uy¢beH¬
ª®oWy!Y[ov\/oWv]uq]uovp>i!_<3 » oi1±
QRQTSU VWVWVWX
µ§   '
	 '
  É E Å § Æ * E 
   " " ;   "1 $  9  "  " " " " " 7  8;  "    "  !# 
" 9 ; ( $   $  *  "    
 	 
 9 ;   ; 9 /"  
    3 B)  1<
 3"$ / >
    
 (

*  * * (   
 *
 &

*   * (   
 *
¡ W¥
E L
 /  " " ;    /") $ &()$   * 9  "  " " " " "  7   ;  "    "  !# 
"   ; ( $    $  *  "   
       
 9 ;    >
      
 (

*   *  *8(     
 *
 &

*   * (   
 *
¡ >H¥
 
     L
   "     "   #  "  &()$   * &()$  *.,
 * ( 2 (& &*I&
*
,  $CB ,      N%   ! " !" ' ' "L "1 $    #  2  " 9
" " " "     "   7   ;' " 93; ( $    $  *  $CB ,  " 9      9 " $CB   3 .  " " " " 
 * ( 2 (& &*      N%   !  " !" '   " /") $    3 2  " " " " "  9" ;7  8;  "    ; ( $    $  * 
 *8(     
 * ( & **"! #
,  ( %$'& ($  	 
 $  , *
 " 97  " 
 	
   "   ) /2  "  " " " " 
   "   7   ;' 
R9  
2( & & := ?   " 9 
 /   " "      /") 
  !   C9 
      
    / "   " " "/
&  " 9 
  H "    "   " 7 "/   "  L   "   "8" "     	>2%A    
"        ; /L "   ;"            ;)
&  "    /     9 "  & 
&  "    
 /  "  '67   
  9  ")	 " /") "  9 "    " /  "  $   
=?> Q@=BA
 		
 !" µN
rvpym]´ :Xo/q[ojj]Ni!]uqHkz]uy!rqnuovrsilrovq¸t|q>yz]kzyztvqil\/rk3kmY[]1ry>tvnw v]uk1±
   "1"  >  ]k" tvq  :]Kk}°oq[ojj]Ni¯!Y[oHil]Kkmywt|qim\/rizilrovq>i²noWr[]K!r­kzY]NtvnwY"o|kzY[]uy3¡"   rvpym]¤´H¥½±
¢ojj]1i " t|q>  kmywt|q>il\/rk3"Y[oW\/ovv]1q[]uoWpi¤_<3 » oi+:²kzY[oWim] » oi¤Yt§¦v]3kzY[]izt|\/][rkywtkz]t|q>
>tvnw v]uk"imr76u]v±/¼¬qºovywj]uybkzoAq[ovyz\¨t|r 61]kzY[]/t|q[!rhkzY·nov\/[p[kztkzroWq²©²°]¨ilp[>oHil]^kmY>tkkmY]-kzr\/]
rqHkm]1ym¦t|>]uk}]1]uqÂ"ilp>nun]Nimimr¦v]°kmywt|qim\/rizimroWqi<o|ª¿t|qhg » orsiovq]3kmr\^]uPpq[r­kN±¼¬q^kmY[oHil]nuovqjrkmrovq>iu©
kzY[]3kmywt|q>il\/rsimimroWqkzr\/]3o|ª¿tbtvnw W]k1©/&½©Wri<]N¶Hpt|hkzokzY[]![yzovtv[rrk}go|ª¿noWrimrovq!rkmY¨tvq[o|kzY[]uy » o±
 ]k 6:]kmY[]qHp\:]uyovªkzyztvqim\^rklkz]uywi!rq¸kmY[]imp[yzymoWp[qjrq[¨ovª<t¨qoh[]F$·±!!nunoWyz[rq[^kzo¨kmY[]
tWimimp[\/jkzroWqo|ªFkmY]"nuovrsimroWq	\/ojj]uP©[t|qhgÂ>tvnw v]ukkzyztvqim\^rklkz]1	hgÂq[ojj] $%novrj]Ni3tk!\/oWilk3oWqn]
!rkmYt|qhg/o|kzY[]uy°tvnw W]kkmywt|qim\/r­kmkm]1hgÂtq[ojj] < ©h!r­kzY <  &()$+*½±X3Y[]kzr\/]boHi}k3tk3q[ojj] $
[p[]!kmo 2Fimpnunu]1izilr¦v]nuovrsimroWqirsi :  * (2 ( & &*&
*
,  $CB , ©H!rkmY 2( & & :=@? ºtvq  2 ±
<°gnovqh¦W]uqHkmrovq²©  0( ±K¼ª]nuovqimr[]uyt^q[ojj]F$ &( $  ?*3!Y[rsnwY¸ri!qo|kt^kmywt|q>il\/rklkm]1y1©hkzY[]uq$ >oWq[g^rsi}kz]uqi°tWimimr¦W]ugkzokzY[]"nwYt|q[q]uDt|q	joh]1iq[o|k3>]1ylª®oWym\#tvqHg/tWnw vo1 [yzojn]Njp[yz]v±<X3YHp>iu©
kzY[]"kmr\/]oHi}kt|k3qoh[]F$²jp[]"kzo 2¤ilp>nun]Nimimr¦v]"novrimroWqi3rsi :  * (2 (& &*½±
 ]kpinuovqimrsj]uy!t^tvnw W]k!rq¸nuovrsimroWq²±
 ]k "*¿kzY[][yzov>t|[rrk}gkzYtkkmY[rsitvnw W]kK\/]u]ukzi 2Fnuovrsilrovq>i hq[o!rqkmYt|krkYtWi¤tvyz]1tWjg\/]k
2$ nuovrsilrovq>iu©h°]Yt§¦v]:
"* (
   2 ( &
%$  * ! 
 2 
Àº]nutvq]1ilkztv[rimY^t"atvym Wo¦hrtvqi}kzymrq["!Y[oWim]3i}kwtkm]Ni<ym]1[yz]1im]uqHkkzY[]!noWrimrovq-im]1¶Hp[]1qn]3\/]khg
kzY[]tWnw v]k!:]urq[ÂnoWqimrj]1ym]N	tvq	kmywt|qimrkmrovqi3t|yz]bkmY[][ymoWt|rr­kzr]Ni3o|ª<\/]u]kzrq/t/q]u novrimroWq
oWyt^kmywt|q>il\/rsimimroWq¸!r­kzYilpn1n]Nimi¡"   Frvp[yz]?W¥±3¢o|kzrnu]kmYt|kkmY]ym]ukmp[yzqª®ymoW\)ilkzt|km]:Rkmo	i}kwtkm]
^\/]1tvqi°kmY>tk]urkmY]uy3kmY]tvnw W]k!Ytvi3:]u]1qAnovyzyz]1n½kzg/kzyztvqim\^rklkz]1¿©joWy!r­kY>tvi3:]u]uq¸yz]}{}]Nn½km]N¿±
QRQTSU VWVWVWX
µ1>   '
	 '
FrWp[yz] ?9:at|yz vo¦hrst|qilkmyzrq^yz]uym]Nil]1qWkzrqkzY[]noWrimrovqi1±
 ]k 
 * >]"kzY[][yzovtv[rrk}g¨o|ª<>]1rq¨rq¸i}kwtkz] 2Ko|ªFkmY[rsi!ilkmyzrq[>©j!r­kzY  2   :

* (









 &

*   *
2 ( 

   *  2 
!rkmY  * ( & ** ! #
,  (  $  , *
 ]k     
 :]"kmY[]t§¦W]uywt|W]¦t|p[]o|ªFt|q[!rhkzYAnovq>ilp[\/]N	t|k3qoh[]F$   HgÂkmY[]nuovrsilrovq>iovª
>tvnw v]ukzikmywt|q>il\/rklkm]N	ª®ymoW\ $   kmo=$  :
    
 (

*  
*  * (

*   *  *
 &

*   *
i"]^Yt§¦v]^q[ovkmrsn]1³rqRkmY]/nuovrsimroWq³\/ojj]uP©DkmY[]/rqHkmyzoh[pn½kzroWqRovªtq]u » o \/oh[r :]NibkmY[]
nuovrsimroWq³ywtkm]/ovª°t| » oi"rqRrkziilp[yzyzovp[q[rq[>±-X3Y[]1ym]uª®ovyz]v©¿kzY[]¨¶Hpt|qHkmrk}govª°tvqj!rshkmY     

nuovqimp[\/]1¾HgºkzY[]nuovrsimroWqi\-pi}k/:]	yz]u\/o¦v]NRª®ymoW\%kmY[]kmr\^]p[q[rk/rq[rkmrst|g¾ilp[>oHil]N6kmoº>]
t§¦tvrst|[]rqÂkzY[rsi\/ojj]1U±Kimo©h°]\-pi}k3yz]u\/o¦v]!ª®yzov\ kzY[rsi°kmr\^]bp[q[rk3kmY[]bq[]uk}oWym /oWtvt|ym]Ntvjg
ojn1np[[r]1¸hgo|kzY[]uykmywt|qim\/r­kmkm]uywirqAkzY[]-imp[yzymoWp[qjrq[¨o|ª<kzY[]q[ojj]>]1rq[noWqilrsj]1ym]N¿±X3Yhpiu©>]
oWjkztvrq :
 *(     
 * ( & ** ! #
,  ( %$'& $   
 $  , *
!Y[rsnwY¸vr¦v]Ni¤kzY[]]1¶Hpt|kmrovq¸[±
=?> Q@=BA
 		
 !" µ§
  É E Å § Æ 2 E  
   " " ;  G    "  !#/") $   9  "  "    "   "8" " " "
 " " " "  "  6   "   9 ; ( ; 
  *       
 	
    
     "N   "       "1 $ 
   
 " "     " "    "  !#      (  
  É E Å § Æ 9 E  
 /  " " ;    /") $ 9  "  " " " "  "  6    "
;

9 (  & 
 
	    
   	 
      
 * ¡Uv¥
   "1"  > <°g	nuovqilkmyzpn½kzroWq²©h!Y[]uqAt/noWrsilrovq	kztv v]1i3tWn]v©jrkrqH¦Wov¦v]NiKk}°o^kmywt|qim\/r­kmkm]uywi1©[j]uq[ovkm]N
$ tvq $   ±F¼¬q/kmY[rsi¤nuovrsimroWq-\/ojj]uP©Hq[ojj]$ tvnunuovp[qHkwi<ª®ovykzY[]noWrsilrovq/]  D]1nkKk}!rsn]:ovqnu]!rq 
tvqÂtvq[o|kzY[]uyrq       
 ±i°t-noWqil]N¶Hp[]uqnu]v©WkmY[]bilp\#o|ª²tvqj!rshkmYnovq>ilp[\/]NÂjp[]kmo^novrimroWq
nuov\/[pjkz]1¸tk!q[ojj]F$ \p>i}k:]jr¦Hrsj]NhgÂk}°o±
  *0!( ÊFj1( É &  Æ 1( 0 [1( É & 
¼¬qovywj]1ykzo/¦§tvrs[t|km]bkmY[rsi3\/ojj]uP©j]"Yt§¦W]bimr\p[stkz]1il]1¦v]uywt|Dizn]uq>t|yzroHi¤!rkmYA¢eh¬[±<X3Y]ym]Nilp[kzi
Y>t§¦v]/novq :ym\/]N³kzY[]ÂnoW\/[pjkm]Nºt|q[!rhkzY·novq>ilp[\/]NRhg³kmY[]Ânuovrsilrovq>iu±/Àº]Âq[o ym]Nil]1qWktvq
]uÃ[t|\/[]^ovª°oWp[yimr\-p[t|kmrovqi"!rkmY·³_<3 » oitk 2 3"%$-]NtvnwY²©¯kmY[]¨ovkmY[]1yt|ywt|\/]kz]uywi"t|yz]
rsj]1qWkzrn1t|<!rkmYRkmY[oHil]/vr¦v]1qrqºXFt|[]1i"¸t|q> >±^X3Y[]^kmY[yz]u] » oi"t|yz]^ojnut|km]N³tvibrq2Frvp[yz]µ1[±
qhgq[ojj]rsiq[]1rWYh>oWyo|ª¿q[ojj]1ikmYt|kt|yz]3r\/\/]1jrstkz]ug^tv>o¦W]v©:]uo©Wt|k¤r­kwi]ª«ktvq¨tkKrkzi¤ymrvYHk1©
tvqrqArkzijrst|voWqt|¯rq[]1i1±3qhg	qoh[]rirq¸kzY[]rqWkz]uymª®]uyz]uqnu]t|yz]1t/ovªFq[ojj]Ni!Y[rsnwYt|yz]bk}o¨Yovi
t§3t§g³¡"   q[ojj]H¥½±!X3Y[] » o
bWoh]1i3kzY[ymoWp[vY¸q[ojj]Ni/kzo ;[©[kmY[] » o .voh]1i!kmY[yzovp[WY¸q[ojj]1i
=kzoµN/t|qkmY[] » o "WoH]NikmY[yzovp[WY	qoh[]1iµ1>kzo|-rqkmY>tkovywj]1y1±
FrWp[yz]^µN :X3Y[yz]u]_<3 » oi°vovrq[^kmYymoWp[vY	q[ojj]1i-kzo ;©/=kmo¸µ1/tvq³µ1>^kmoÂ|±
QRQTSU VWVWVWX
µ);   '
	 '
Àº]-nuov\/[pjkz]kmY]kmovkztv¯tvqj!rshkmY³nuovqimp[\/]1At|k]1tWnwYAq[ojj]ovª §©:rq>npjrq[¨kmY]-noWrsilrovqi
[p[]¤kzo .¤t|q>v± Frvp[yz]µWµnoW\/t|yz]1i²kmY[]°ym]Nilp­kwioWjkztvrq]1hgnutvnup[stkmrovq!rkmY-kmYoWim]¤ov[kzt|rq[]N
hgimr\p[stkzroWq²±<ÀR]n1t|qq[o|kzrnu]"kmY[]Y[rvY¸tvn1np[ywtvnug¨o|ªkmY[oHil]yz]1imp[kzi1±
 0
 1
 2
 3
 4
 5
 6
 7
 0  1  2  3  4  5  6
ba
nd
w
id
th
 (
M
bp
s)
node
simulation
calculation
FrWp[yz]-µWµ:¤_°t|snp[stkzroWqtvqilr\p[stkzroWq	yz]1imp[kzi3rqkmY[][yz]1im]uq>n]"o|ª<_<° » oi1±
=?> Q@=BA
 		
 !" µ=
  - + "- 	(0 2*) ,+/3 	( 	 & ( .  /02C   
Àº]^q[o [ym]Nil]1qHkkmY]^tvWovyzr­kzY[\ p>il]N¸kmo	]u¦t|ptkz]kzY[]->t|qj!rshkzY  nuovqimp[\/]1t|kbtvqHg¸q[ojj]
$ rq³kmY[]/q[]uk}oWym D±"¼¬qkzY[rsibtvWovyzr­kzY[\¸©Drq[]1i >¸t|q =¨nuovyzym]Nil:ovqAkmo	kmY[]/t|[rsnut|kmrovq³ovª¤xKyzovj
]1ylk}g·µW±  rq]1it|q ;novyzyz]1im>oWqAkzo	kzY[]¨t|[rsnut|kmrovqºo|ªx¤ymoW>]1ylk}g³[±  rq[]¨´¸noWymyz]1im:ovq[ikmo
kzY[]t|[rsnut|kmrovqo|ªFxKymoW>]1ylk}g >±
^ & É Ê Å $ 10 Å ( & E ¯N ( & 0 FÊ Å 
!  ( $+*°rilko|ªFq[ojj]1i3rqkmY[]q]urvYh>oWymYoHojt|yz]1t-o|ª $·±
! . ( $+*°rilko|ªFq[ojj]1i3rqkmY[]rqHkm]1ylª®]1ym]1qn]t|yz]1t-o|ª$·±
! (/    .  , , ,
	im]k!o|ª¤_<3 » oi3rqkmY]ilp[yzyzovp[q[rq[^o|ª $·±
 0 Å *0 É (®10
µW±  ( 48 <3t|qj!rshkzY¸nuovqimp[\/]1tk$8
8-_oW\^pjkzt|kmrovqo|ªFkmY[]tvqj!rshkmYAnuovqimp[\/]1	hgÂ]1tWnwY » oTrq  rqrimovstkzroWq8
[±ª®oWy!]1tWnwY » o  *   :
± ª®ovy!]1tWnwY	qoh[]'< * ¦hrimr­kz]1	hg  * :
> ± r­ª <#*   ()$+*½©jkzY[]uq  (  &   (#"%$  *'&( )% ( "**
[± r­ª <#*  . ()$+*½©jkzY[]uq
  (   &  (#"%$  *'&()% ( "**I&   4
	  )%4
	 ( ;>=@? *
;± rª < *rsi3kzY[]j]1ilkmrqt|kmrovqo|ª *}©[oWy <#*     ()$+*  . ( $ *½©jkzY[]uq
  (   & := ? 
=j± r­ª$ ri!t/q[ojj]"ovª  * tvq $ rsi!q[ovk°kzY[]j]Ni}kzrqt|kmrovq¸o|ª  * ©hkmY[]1q
% (  & 
; =@? A& $CB 
8-_oW\^pjkzt|kmrovqo|ªFkmY[]tvqj!rshkmYAnuovqimp[\/]1jp[]"kzo/nuovrsimroWqi8
´±   (   & ;

9J(   & 
 
	    
    	 
   
 *
QRQTSU VWVWVWX
µN´   '
	 '
  &#  ¯u ( 
 	F
Àº]¤ymoW>oHil]KrqkzY[riFim]1n½kzroWqt|qtWj\/rizimroWqnovqHkzymoWvtWil]N"ovq"kmY]tvqj!rshkmY]u¦t|ptkzroWqj]1iznyzr>]N
rqeh]1nkmrovq¸[±
  - .
1+C
 q[]u » o n1t|qA:]-tWnun]1jkm]NAovqgr­ªkzY[]ª®oWo!rq[noWqjrkmrovqArsi¦W]uyzr :>]1 :kmY[]^tvqj!rshkmYAkzYtk
°ovp^:]novq>ilp[\/]N-hgkmY[rsi » o nutvq/>]!WyztvqWkz]1kmork¤tk]u¦v]1ymgq[ojj]!>]1oWq[vrq[bkmor­kwiymoWpjkm]W©vrkzi
q]urvYh>oWymYoHojt|yz]1t^t|qrkzi!rqHkm]1ylª®]1ym]1qn]tvym]Nt[©h!r­kzY[ovp[knoW\^ymoW\^rsimrq[-kmY]t|q>j!rjkmY¸vywt|qHkm]N
kzo¨t|ym]NtvjgÂtWnun]1jkm]N » oiu±
X3Y[]-t|q>j!rjkmYAkzYtk"oWp[s¸>]^novq>ilp[\/]NAhgkzY[]-q]u » orsi]u¦tvpt|km]Ntvn1novywjrq[/kmokmY[]
imp[j¬im]1n½kzroWq±@=j±
), - 0   .  - +%,+"- 	(0
Àº] :yzilk"ym]Nnut|²kzY[]¨tvizilp\^[kmrovq³nuovqnu]uyzq[rq¨kmY[] » orqkzY[]/ilp[yzyzovp[q[rq[o|ªt	q[ojj]v±"Àº]kzY[]uq
ymr] » g	j]1iznyzr:]bkmY[]tWj\/rizimroWqnuovqHkmyzov¿t|voWymrkmY\±

	"  &$	  ")( £tvnwYq[ojj]-ovq¸kzY[]yzovpjkz]o|ªkzY[] » oC hq[oikmY[]
yz]1imrsjpt|t|q>j!rjkmY³ovª¤t|<q[ojj]1iojn1tkm]NArqr­kwibq[]urvYh:ovyzY[ohohAtvym]NtÂt|q>Ar­kwibrqHkm]1ylª®]1ym]1qn]-t|yz]1t[±
£tvnwYq[ojj]t|silo^ hq[oi°kmY]qHp\:]uy!o|ª » oi!t|yz]1tv[gÂtvnunu]ujkz]1	rqkzY[]1im]t|yz]1tWiu±
0  É ( 10 Ê Å N|( EF1( É &
! X3Y[]¨iloWp[ywn]im]uqibtvqRtWj\/rizilrovq³ym]N¶Wp]1ilkb\/]1izizt|v]ª®ovykmY[] » o +*l©²nuovqHkztvrq[rq[kmY[]/yzovpjkz]
o|ª *l±X3Y[rsi\/]1izimtvv]¨rsiª®oWym3t|ywj]1RY[oWjPhgHY[ovºkmokmY[]j]1ilkmrqtkzroWq²±³`q·ym]Nn]1rjk-o|ª!kmYri
\/]1izimtvv]v©H]1tWnwYÂq[ojj]"tv[itv:q[ojj]1i°rqrkzi3imp[ymyzovpqjrq[kmo-kmY]\/]1izizt|v]W©vª®oWy]NtvnwYÂovª¿kmY[]1\
r­kymo¦hrsj]1ikmY]qHp\:]uyovª » oi!tvyz]1tWjgÂtvn1n]u[km]1	rq	kzY[]imp[ymyzovpqjrq[-ovª¯kzYtkq[ojj]W±
! `q¸ym]Nn]urjkovªkzY[ri\/]1izimtvv]v©hkzY[]j]Ni}kzrqt|kmrovq¸ hq[oi!t|²q[ojj]Ni!rq	kzY[]imp[yzymoWp[qjrq[^o|ª<kmY[]» o±X3Yhpi¤rk!nut|q]u¦t|ptkz]kzY[]ury>t|qj!rshkzY	tvn1noWyzjrq["kzokzY[]\/]ukmY[ojÂj]Nimnuymr:]1Ârqimp[j
il]Nn½kzroWq¾[±=h±¼ª!tv¤q[ojj]1iYt§¦v]¨]1q[ovp[WY6t|q[!rhkzY6kmo³imp[[:ovymk*kmY[]1q6kmY[][]1ilkmrqtkzroWq
il]1q[i"t|qºtvn1n]u[kzt|q>n]\/]Nimizt|W]kmo	kmY[]/imovp[ywn]W±`kzY[]uyz!rsil]W©:rkil]1q[ibtyz]}{}]Nn½kzroWq\/]1izimtvv]:
kmY[]q]u » oTn1t|q[q[ovk!>]tWnun]1jkm]N	[p[]"kmo/stvnw Âovªyz]1imovp[ywn]Niu±
=?> Q@=BA
 		
 !" µ)?
       !-
"
F  ¨    w
F4  
¼¬qkmY[rsi"il]Nn½kmrovq¯©:°]ymoW>oHil]kmor\/[]u\/]uqHkbkmY[rsi"tvj\/rsimimroWq³noWqHkmyzov¯hg¸pimrqÂkmY]ª®]Ntkmpym]Ni[yzo|
¦hrsj]1	hgÂkzY[]ymoWpjkmrq[^[yzo|kmojnuov`  e[ µ±
/ Å ( & R)0 Å  8[ (0 j 0 Å < & Ê È (UÊ¯)0
Àº]imp[[:oWim]-kzYtkkmY[]¨tvqj!rshkmY¾t§¦tvrst|[]/tkt¸q[ojj]¨rsi[yzo¦hrj]N³hg³kmY[]Â´WWj±µvµ1Rn1t|yw i
[ymr¦v]1y1±¤X3Yrirqjª®oWym\¨t|kmrovqriq[o|kilkmyzrnkmg	q]1n]Nimizt|yzgv±~o°]u¦v]1y1©hrª<kmY[rsirqjª®ovyz\¨tkzroWqrsi! hq[o!q²©>r­k
tvoi3t^>]uklkm]1ytvt|jkwt|[rrk}g¨kzo-kzyzt|ÁÂnb[gHq>t|\/rnur­k}gW±
/ÊR8 Å §1(U1( & º10 Å  8[ ( 0Uj 0 Å < & Ê È ( Ê10
X3Y[]-t|q>j!rjkmYRt§¦tvrst|[]t|kbt¨q[ojj]-\pilk:]/tvj¦W]uymkmrsil]Nkmo	tvo|kzY[]uybq[ojj]1i1±X3Yribnutvq>]
[ovq[]btvi¤ª®ovoi1±<£¤tvnwYÂqoh[]btWj¦v]1ylkzrim]1i¤rq	r­kwi ' " \/]Nimizt|W]1iKrkzi3t§¦t|rst|[]tvqj!rshkmYt|qÂkmY[]
qhp[\->]1y!o|ªtvn1n]u[km]1 » oi3rq¸r­kwiimp[ymyzovpqjrq[±KX3Y[]\-p[kmr>oWrqHkyz]ust§ghi"¡ 	   D "N¥°kzY[]uqAtv[¦v]uymkmrsim]
rq6kmY]urykmoW>oWoWvgRnuovqHkmyzov¡ EA ¥\/]1izizt|v]NibkmY[]t|q[!rhkzY¾t§¦t|rtv[]Ât|kkmY[]1ry^aAx¤3¬im]u]1n½kzovywiu±
Àº]/ym]NnutvFkmY>tkrq¾`  e[©:kmY[]	 ' " \/]Nimizt|W]1ibt|yz]ovqgymoHtv[n1tvilkkmoºµ/Y[ovR!Y[]uyz]1tWikmY[] EA
\/]Nimizt|W]1i3t|yz]ymoHtv[n1tvilkkzo-kzY[]!Y[oW]q[]uk}oWym ¨¦hrst-kmY[]\-p[­kzr:ovrqHkym]1t§gji1±
/ (  Å 0 Å |)( É & *0 É (®)0 
X3Y[rsi/aAx¤)il]1]Nn½kzroWq t|voWymrkmY[\%rsi\/ojjr :]1 rqovywj]uy-kmoRkztv v]	rqHkmoºtvn1novpqWk-kmY[]¸t§¦t|rtv[]
>t|qj!rshkzY²±<¼k°t|oi<kmoyz]1tWnwY¨t|q[ojj]Ni¤tk3"Y[ov>i¤t§3t§ghg^tymoWpjkm]!rkmY/kzY[]YrWY[]1ilkt§¦t|rtv[]
>t|qj!rshkzY²±
¼¬q[]u]1²©tvi¨rkYtWiÂ:]u]uqËilkzt|km]Nrq
 ;/btvq  ´P©`  ej)\¨t§g q[ovk>]Rt|[]¸kmoH:>qt·yzovpjkz]
o1 :]1ymrq[¨kzY[]^ym]N¶Wpryz]1¸tvqj!rshkmY¯©¿]u¦v]1q!Y[]1q³ilp>nwY³tÂyzovpjkz]]uÃhrsilkzi1±bX3Y[rsirib:]1nutvpim]kmY[]/aAx¤
im]u]1nkmrovq¨t|voWymrkmY\joh]1i¤q[o|k°tvnunuovp[qHkª®oWykmY[]bt§¦t|rtv[]!>t|qj!rshkzY²±X3Ytk¤rsiK!Yhg-]tWjov[kKkmY[]
ax¤Tim]u]1nkmrovqt|vovyzrkmY[\#tvi[yzov:oWim]1rq! ;P±X3Y[rsi3t|vovyzrkmY[\n1t|qÂ]1tW¨kmo¨tY[rWY[]uy3qhp[\->]1y°ovª
im]u]1nkm]NAaAx¤ikmYtvq¸kmY[]-qtkzr¦W]t|vovyzrkmY[\¸±°¼kYtWi!>]1]uq³imY[o!q¸rq  ´¯kmY>tkrq³j]1qil]q[]k}°ovyz ji
kzY[rsi!qhp[\:]uynuovqh¦v]1ymW]1i¤kmo3t|yw[iKkzY[]qhp[\:]uyo|ªFax¤iim]u]1nkm]1hg¨kzY[]"kmY[]q>tkmr¦v]tvWovyzr­kzY[\¸±
QRQTSU VWVWVWX
v   '
	 '
  & -°	F5
 	Â
F b"

¼¬qºkzY[ri-il]Nn½kzroWq²©°]¨]u¦tvpt|km]/kzY[]Âtvn1np[ywtvnugo|ª°kmY[]	nov\/[p[kztkzroWq6o|ª3kmY[]¨>t|qj!rshkzY¾novq>ilp[\/]N
t|k!]1tvnwYq[ojj]W±KÀR]nuovqimrsj]uy3kzY[]]Ã[t|\/[]"rpi}kzyzt|km]N	hg Frvp[yz]¨µN[±X3Y[]q[]k}°ovyz ¨rqnpj]Ni|W
qoh[]1iywt|q>jov\/gÂojn1tkm]N¸ovqtvq¸tvym]Nt/o|ª+5|Ã15 + . ±!X3Y[]nuo¦v]1yztvv]byztWjrp>i!ri + tvqkmY[]rqHkm]1ylª®]1ym]1qn]tvym]Nt¨rikmY[]^noWymoWqt/!Y[oWim]rq[q[]uybywtvjrpi!rsi + t|q¸oWpjkm]1yywtvjrpiri0 + ±ovp[y
_<3 » oit|yz]°yztvqjov\/gnwY[oHil]1q^tvqkzY[]uryyzovpjkz]1it|yz]!j]kz]uyz\/rq[]Np>ilrq["kmY]°yzovp[kmrq[t|vovyzrkmY[\
ymo¦hrsj]1/hg^kmY[]`  e[[yzo|kmojnuovP±FX3Y[oHil]ymoWpjkm]Nitvym] :Ãh]Njpymrq[kzY[]imr\p[stkzroWqiu±X3Y[]> » oi
Y>t§¦v]¨kzY[]	izt|\/]r­k/yzt|km]Âovª! #"%$¨]NtvnwY¾t|k/tv[[rn1tkmrovq·]u¦W]u3t|q·kmY[]imtv\^]	tvnw W]k-imr76u]ovª
µ§|WhgHkm]1i1±KXFt|[]-imp[\¨i!p[kzY[]t|ywt|\/]ukm]uywio|ª<]1tvnwY » o±
qh	Y[oWi yzovp[km]
 ´ ?©¿µ1 ?[©¿µ1©DµN?© ;	?[©¿µNv´©;Hj©=h©¿µ >H
 . > W[©N=|[©¿µ =|[© ?> ©Dµ1>
 = ´	>©[©¿µ > ?©Dµ1	;© =[©[W[©¿µ§>©[v
  =jµv©¿µ)?[©N=©>Hj©[´=h©¿µ);W
XFt|[]:<xt|ywt|\/]kz]uywi°o|ªR>	_<3 » oi1±
 0
 200
 400
 600
 800
 1000
 1200
 1400
 1600
 1800
 0  200  400  600  800  1000  1200  1400  1600  1800
y 
(m
)
x (m)
9
109
10
159
69
138
62
57
143
30
70
173
94 104
84
2
149
136
154
23
71 19 73
42
87
162
node
f1
f2
f3
f4
FrWp[ym]/µ§:Kejn]1qt|yzro-!rkmY|Wqoh[]1i!t|q> > » oi1±
=?> Q@=BA
 		
 !" [µ
 0
 1000
 2000
 3000
 4000
 5000
 6000
9 109 10 159 69 138 62 57 143
ba
nd
w
id
th
 (
K
bp
s)
node (9=source, 143=destination)
Calculation
Simulation
FrWp[ym]/µN : Foµv±
 0
 1000
 2000
 3000
 4000
 5000
 6000
 7000
 8000
30 70 173 94 104
ba
nd
w
id
th
 (
K
bp
s)
node (30=source, 104=destination)
Calculation
Simulation
rvpym]/µ > : oC[±
 0
 1000
 2000
 3000
 4000
 5000
 6000
84 2 149 136 70 30 154 23
ba
nd
w
id
th
 (
K
bp
s)
node (84=source, 23=destination)
Calculation
Simulation
FrWp[ym]/µ§: FoC[±
 0
 1000
 2000
 3000
 4000
 5000
 6000
71 19 73 42 87 162
ba
nd
w
id
th
 (
K
bp
s)
node (71=source, 162=destination)
Calculation
Simulation
rvpym]/µ1;9: o > ±
Frvp[yz]1iµ1[©µ > ©¯µN/tvq·µ);/ym]Nil:]1nkmr¦v]ugrp>i}kzyzt|km]kzY[]tvqj!rshkmY³ym]Nilp[kziovjkwt|rq[]1¸hgAnutv­
nup[stkmrovqt|qimr\-p[t|kmrovqtk!]1tWnwYq[ojj]b¦hrimr­kz]1	hg¨kmY[] » oi  ©9 . ©9  tvq  v±K¢ovkmrsn]bkmY>tk3kmY[]
yz]ustkzr¦W]t§¦v]1yztvv]"]uyzymoWyzio|ª¤noW\/[pjkzt|kmrovqtvym]o :!j±   ª®ovykmY[]-t|q[!rhkzYo|ª   ©;[±µ  ª®ovy  . ©
µW± ´  ª®ovy  tvq¸[±   ª®oWy|±
QRQTSU VWVWVWX
W   '
	 '
  ( ¯u
!n1noWp[qHkmrq[/ª®ovyrqHkm]1ylª®]1ym]1qn]Ni!rsiyz]1¶Hp[rym]N	ª®ovykzY[]]uÁÂnr]uqnug	ovªtvqtvj\/rsimimrovqnoWqHkmyzov²rqt¨\p­
kzrYovtvhY[ojnq[]k}°ovyz  imp[[:ovymkmrq[·¶Hpt|r­k}go|ªil]1ym¦hrsn]W±¼¬qkzY[rsi¨ym]1>oWylkN©°]AYt§¦W]imY[o!q Y[o
kzoA]u¦t|pt|km]/kmY]Ât|q>j!rjkmY¾noWqimp[\/]1ºhgRt » o tk]NtvnwY6q[ojj]¨rq·r­kwiilpymyzovp[q>jrq±ÂÀº]L:ywi}k
:]uymª®ovyz\/]1	kmYri!]1¦t|ptkzroWqhg	]Ã[t|\/rq[rq^]NtvnwY » oTrqArsiloWt|kmrovq²±¤ÀR]kzY[]uqAj]1¦v]1oW>]Nt/\¨t|kmYj
]1\¨tkmrsnutv\/ojj]1Ftvo!rq¨kmo	]u¦t|ptkz]kzY[]->t|qj!rshkzY³oWilkbjp[]-kmonoWrimrovqi1±X3Y[]/imr\-p[t|kmrovqi
pqj]uy!¢beH¬-noWq :yz\/]1/kzY[]"Y[rWY	tWnunpyztWng^o|ª¯kzY[]bym]Nilp[kzi°°]oWjkztvrq]1¿±Xo^nuovqHkmrqhp[]kzY[ri!ilkmp>jgv©
k}°okmoW[rn1inutvqº:]Âjrsi}kzrqvp[rsilY]1 :Yo kmoA]uÃhkm]uq>³kzY[rsi]u¦t|pt|kmrovqRkmoX_x » oit|q>RYo kmo
kwt| W]rqHkzo	tvn1noWp[qHkq[ojj]-\^oW[rrk}gv±"X3Y[]-nuov\-[rq>tkmrovq³o|ªK\/]1tWilp[yz]1it|q³nov\/[p[kztkzroWqio|ª¤t§¦t|r­
tv[]-tvqj!rshkmY6t|oikzo	oWjkztvrq6t|qR]ÁÂnr]uqHktv[\^rsizilrovqºnovqHkzymoWFtvqRt	vohoj³ilkztv[rrk}go|ªkmY[]
q]k}°ovyz :±
)!$	<!°
µ!§{}rY¸_±©_tvpim]uq	X"±©WtWnu¶Hp[]ukx<±©  t|oWp[r­kzr:±©jaArq[]uk3x<±©jaAp[Y[]kzYt|]uy3x<±©>¹bt§ghghp[\ ±jt|q>
r]uq[qo|k  ±7: 7/   1   3; GN # DG" !     " "  "    GD ©>F_  ;W;©>¼¬£X©¯`bnkmov:]uy
|Wv[±
 x<]uyz hrq>i	_±© <°]usjrq[|¬!ogW]uy^£±tvqË_Yt| W]uyz]1i/¼½±7: 2G  "    9 @   / @  "        "  2  @	  D"   v©[ F_ W	;[µW©H¼¬£X©
vp[g	vvv±
 /-_Ytvpj]uk3_±Wtvqbp*uyzrqj  tviziloWpi<¼½±7:  D  E > / =D "  W "  /   E9  '  "
 9    ©rq£Kp[yzov:]1tvqÀryz]u]1izi£¤À  Hj©[tvv]Ni >;	;| > =|j© Fryz]uq96u]v©j¼kwt|gv© ]u[yzpt|yzg	vvW[±
 >Y[q¬e¿±©²_°t|\/[:]u±©%]uyz]1i±>tvqehp[q  ~± : GN67 7 " W!  GW1  @    'N!!" '" 
D  9 E    /   " G" W E    GN #'  " "   '7 " " 2  "     ! " <; " )G  2  %§©Frq
¼¬£K£K£ËXyztvqiztvn½kzroWqi°ovq¸aAovr]-_ov\/[pjkzrq©eh]1jkm]1\:]uyvvW[±
 st|yw^±©b]uoWymWrtWjrsi  ±©
Htvnu¶Hp[]ukx<±:tvqAatvqi <b± : /  D "  W " !	  !  "87
   '  " "'   ! " <; " > A "7/7 #  <    W " ! " / 	    N "  "½©kmo¸t|[:]1tvybrqº¼¬qWkz]uyzqtkzroWqt|
voWp[yzqt|¿ovªÀrym]1]Nimi!tvq	aov[r]-_oW\/[pjkmrq[>©|v	>±
 ;/b]-±© "p[q96"X"±©tvq  t|\/ovqHk  ±7:     "  G  W) D"     2G 9  "    '  "<; "C"  
  GD ©¯rq·[ymojnu]u]1[rq[Hio|ª3kzY[]	 ;kmY¾~t§°tvrr¤¼¬qWkz]uyzqtkzroWqt|3_ovqjª®]1ym]1qn]¨oWq ehgji}kz]u\ejnr]uqnu]1i
¡ ~¼m_3e[e  vW¥©~t§3t|rrP©*.ej©Wtvqhpt|yzgÂ|vW[±
=1 ]1ym]Nib±©_°t|\/[:]uK±© <3t|yzymga¾±²t|q6ehp[q  ¬~±7: G/67J7 "W   GW1  @      "A
   '  " "     ;'    ! " <; " "   @  "  W
  #  A"   " ©rq	¼¬£K£¤£voWp[yzqt|DovqAeh]1]Nn½km]N¸yz]1tvi
rq³_oW\^\-p[q[rsnut|kmrovqi1©j¦voWU±¿µ)?[©hq/µ1©>`bn½kzov:]uy|W[µW±
 ´/<3tv[ri!~±©ap[qt|yz]kmkmoÂ±©¯WYt /±t|q>	x¤p{}ov]^±7: 7/  L    G    !" "   ;
"  3  " G D"   v©jrq X_  |W>¨eh[yzrq©[aArtvq²©j¼kztvgW©at§g	vv	>±
 ?/<°rst|qnwY[r^±7:  '" L  2  "  " "  9       	 @ "  W
' #  A "1"   "B    9
!" ©[rq¸¼¬£K£K£ Wovp[yzqtv:oWqeh]u]1nkm]1yz]1tWi3rq³_oW\^\-p[q[rsnut|kmrovqi1©h¦vovP±¿µ1´©jq[©[a³t|ywnwY|Wv±
=?> Q@=BA
Unité de recherche INRIA Rocquencourt
Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Unité de recherche INRIA Futurs : Parc Club Orsay Université - ZAC des Vignes
4, rue Jacques Monod - 91893 ORSAY Cedex (France)
Unité de recherche INRIA Lorraine : LORIA, Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)
Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38334 Montbonnot Saint-Ismier (France)
Unité de recherche INRIA Sophia Antipolis : 2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)  	


  
ISSN 0249-6399
